Blood vessels are among the most important factors in the transport of materials such as nutrients and oxygen. This study will review the role of blood vessels in normal bone marrow hematopoiesis as well as pathological conditions like leukemia and metastasis. Relevant literature was identified by a Pubmed search (1992-2016) of English-language papers using the terms bone marrow, leukemia, metastasis, and vessel. Given that blood vessels are conduits for the transfer of nutrients, they create a favorable situation for cancer cells and cause their growth and development. On the other hand, blood vessels protect leukemia cells against chemotherapy drugs. Finally, it may be concluded that the vessels are an important factor in the development of malignant diseases.
Introduction
Self-renewal, quiescence, and differentiation of hematopoietic stem cells (HSCs), as well as differentiation of progenitor cells, are dependent upon the interaction between these cells with bone marrow (BM) microenvironment. BM microenvironment includes a variety of cells, including stromal cells (mesenchymal stem cells, osteoblasts, etc). These cells affect the proliferation and differentiation of HSCs via secretion or expression of chemokines, adhesion molecules as well as membrane and secretory factors. 1,2 BM stroma components are organized in a special environment known as niche. The term "hematopoietic stem cell niche" was described by Schofield in 1978 as the microenvironment maintaining the stem cells and preventing their differentiation . 3 In BM, there are two niches: endosteal and vascular, which are different molecularly and cellularly. HSCs are quiescent in endosteal niche in which different cells such as CXCL12-abundant reticular (CAR) cells, megakaryocytes and spindle-shaped N-cadherin+, CD45 neg osteoblastic cells are present. 4, 5 There is controversy with respect to the cells that are involved in generation of quiescence in HSCs. For example, some studies suggest the CXCL4 secreted from megakaryocytes and some N-cadherin+ cells as the main factors in this regard. 6 There is a site known as vascular niche in BM that includes various types of vessels such as arteries, arterioles, capillaries and sinusoids, which are relatively different in terms of surface markers and function. Blood vessels are involved in the transport of cells, nutrients, oxygen and waste products. They are also involved in HSCs homeostasis and regeneration of body organs without causing fibrosis via production of angiocrine factors such as vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF), which are secreted by blood vessel endothelial cells. 7, 8 It has been stated that these vessels together with local mesenchymal stem cells (MSCs) make up a site known as perivascular niche where HSCs are located. MSCs are involved in the proliferation and differentiation of HSCs via secretion of stem cell factor (SCF) and CXCL12. 9 Blood vessels support cancer cells in the same way that they protect early HSCs in BM. Cancer cells bind endothelial cells (ECs) through cell-to-cell communications, retaining the cancer cells in quiescence phase. In addition, the transport of oxygen and nutrients from blood vessels to cancer cells results in growth and survival of these cells. 10 In this paper, we examine the role of blood vessels in control of hematopoiesis in normal conditions and consider their role in hematopoietic malignancies and metastasis.
The vessel in normal bone marrow
During development process, HSCs reside in aortic gonad mesonephros (AGM), yolk sac, placenta, fetal liver, spleen and BM, respectively. 11 In BM, the Interaction between MSCs, osteoblasts, osteoclasts, fibroblasts, adipocytes and endothelial cells is essential for HSCs maintenance and hematopoiesis. 12 HSCs in BM are often located in endosteal niche and vascular niche in which HSCs are in quies-cence and proliferation state, respectively. The quiescence state enables HSCs to replenish BM and causes their storage in BM to be protected against mutations leading to malignancy. 13, 14 BM microenvironment includes a series of vessel organized in a specific order. The arteries are longitudinally aligned along the diaphysis of long bones and infiltrate into BM via branching to small arterioles. The arterioles progress into endosteal region in BM and at the same time undergo thinning. The sinusoids lie close to endosteal region following arterioles and have a dimeter higher than arteries and arterioles. 15, 16 These sinusoids form a capillary network with venoussinusoids and the latter converge to a central sinus in BM center. 17 There are two capillary types in long bones as the site of hematopoiesis in adults: L and H, which are different in terms of function, surface marker expression and structure. 18 The H type expresses a higher level of CD31 in comparison with L type. The H type plays an important role in angiogenesis and is thus subject to increased proliferation during regeneration. 19 The non-myelinating Schwann cells lie parallel to arterioles. 1, 20 Sinusoids are surrounded by stromal cells bearing leptin receptor (LepR). A high level of c-kit and CXCL-12 is expressed on LepR + stromal cells. Elimination of these molecules from the surface of LepR + cells results in BM depletion from quiescent HSCs; therefore, LepR+ cells are involved in the maintenance and survival of HSCs. 21 Megakaryocytes bind VCAM-1 in sinusoid EC through VLA-4 adhesion molecule, an interaction leading to platelet production and release from BM. These platelets contain a series of angiogenesis stimulating factors within their granules that are involved in angiogenesis. 22, 23 Blood vessels are involved in oxygen transport to various body organs including BM. Given the presence of blood vessels in BM microenvironment, oxygen concentration in BM is 1-6%, which is too low but is higher than the concentration required to initiate hypoxic responses. Oxygen concentration is in its maximum (6%) around sinusoids while the lowest oxygen concentration (1%) is observed in endosteal region. 7, 24, 25 Reactive oxygen species (ROS) are the factors derived from reduction of molecular oxygen, which are involved in the regulation and differentiation of hematopoiesis process and thus result in HSCs proliferation and differentiation. 26 The permeability and traffic of cells near arterioles is lower than sinusoids due to structures called VE-cadherin. Cellular metabolism of arterioles is based on glycolysis according to oxygen concentration and the blood flow rate in arterioles is much higher compared with sinusoids. These and other factors considerably reduce the formation of ROS in the vicinity of arteriole relative to sinusoids; therefore, the proliferation and differentiation of HSCs is increased due to formation of ROS near sinusoids. 27 Increase in ROS along with the activation of P38-MAPK and mTOR pathways inactivates PTEN and maintains AKT in an active state such that HSCs lose their self-renewal state and begin differentiation. 28 In terms of structural and surface markers, arterioles show differences with sinusoids. Arterioles are characterized by VEGFR-3 -VEGFR-2 + Sca-1 + while sinusoids show Sca-1 -, VEGFR-3 + , and VEGFR-2 + . These vessels are involved in the regulation of hematopoiesis through their surface markers as well as release of a number of factors (Table 1) . From the above statements, it can be concluded that HSCs in BM are mostly located in the vicinity of arterioles and sinusoids. These vascular ducts are different in terms of morphology and their surrounding conditions, which would differently affect HSCs that are eventually observed in different conditions in terms of oxygen concentration, glycolysis and blood flow rate.
The vessel and angiogenesis in leukemia
Since chemotherapy is a common approach for treatment of leukemia patients, the majority of leukemia cells are eliminated with this method and nearly 30-70% of patients will die of their disease relapse. 56 Like other resident stem cells in BM, leukemia cells are associated with BM microenvironment, which provides a safe and proper place for their growth and survival. The level of multi-drug resistance (MDR) molecules such as p-glycoprotein is increased on leukemic cells, which leads to the resistance of leukemia cells to chemotherapy and disease relapse. [57] [58] [59] The exterior environment of leukemia cells is rich in blood vessels and increasing angiogenesis is associated with poor prognosis. 60 Consolidation and integrity of ECs, which is regulated by microtubules (important components of cytoskeleton), plays a key role in the exchange of materials into and out of vessels, preventing the penetration of chemotherapy drugs into vessels. 61 VEGFR-2, vascular endothelial growth factor-2; HSC, hematopoietic stem cell; SCF, stem cell factor; E-selectin, endothelial selectin; CXCL-12, C-X-C motif chemokine 12; NO, nitric oxide; DLL, delta-like ligand.
of blood vessels to chemotherapy agents as well as susceptibility of vessels to these drugs, which can prevent the proliferation and expansion of leukemia cells. 60 Leukemia cells release a cytokine known as tumor necrosis factor (TNF-α) that activates ECs, which express adhesion molecules such as VCAM-1, ICAM-1 (P-and E-selectin) on their surface upon activation, resulting in binding of myoblast cells to ECs. This interaction is involved in resistance of leukemia cells to chemotherapy . 62 When leukemia cells integrate into ECs, Rac-1GTPase is activated in them and affects p21, p17, and p57 factors. The expression of these molecules causes leukemia cells' exit from the cell cycle and sets them in quiescence phase, leading to their resistance against drug-induced apoptosis. 63, 64 Vav molecule is a member of Vav family and is involved in signal transduction in the signaling pathway. It converts the Rac-1-bound GDP to GTP and plays a role in the activation of Rac-1. 65 It is observed that Bcr/Abl fusion in chronic myeloid leukemia (CML) forms a complex with Vav, which activates Rac-1. In this way, the activation of Rac-1 will result in resistance of leukemic cells to chemotherapy drugs. 66 Angiogenesis as well as quantity of vessels is increased following increasing number of cells in BM. Therefore, the question of leukemia cell involvement in BM angiogenesis process is posed. In physiologic conditions, there is a balance between pro-and anti-angiogenic factors and when this equilibrium is disrupted, angiogenesis is decreased or increased according to dominance of stimulatory or inhibitory factors, respectively. 67 Angiogenesis is a process normally occurring in healthy people in specific situations and pathologically in patients with malignancy. During this process, a series of new blood vessels are formed from existing blood vessels. In BM of leukemia patients, the level of blood vessels is higher than normal individuals. The quantity of blood vessels in leukemia patients is usually referred to as microvessel density (MVD). 68 which is used as a prognostic factor associated with poor prognosis. The higher MVD, the higher disease relapse risk that is associated with lower survival rate of patients. 69 Several factors are involved in angiogenesis stimulation, including granulocyte colony stimulating factor (G-CSF), platelet derived growth factor (PDGF), basic fibroblast growth factor (bFGF), and vascular endothelial growth factor (VEGF), the latter being the most important factor inducing angiogenesis. 70 VEGF has six isoforms: VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, and PLGF. These isoforms bind three tyrosine kinase receptor of VEGFR-3 (Flt-4), VEGFR-2 (KDR), and VEGFR-1 (Flt-1). 71 VEGFR-1 is mainly expressed on monocytes, HSCs, and leukemia cells while VEGFR-2 is detected on EC progenitors but VEGFR-3 is mostly confined to lymphatic EC. VEGF is secreted by several types of leukemia and contributes to disease progress via autocrine and paracrine pathways. In the autocrine pathway, VEGF produced by leukemia cells binds its receptor on the same leukemia cells, causing the proliferation and survival of these cells, but in the paracrine pathway, VEGF produced by leukemia cell binds its receptor on EC, resulting in angiogenesis and drug resistance. It also induces ECs to produce G-CSF, which affects the leukemia cells and leads to their proliferation. 72, 73 In addition to the above-mentioned VEGF function, it can be involved in angiogenesis in leukemia in association with angiopoietin (Ang). Ang is a growth factor including four isoforms of Ang-1,2,3,4 that bind a single receptor known as Tie-2. Tie-2 is a receptor tyrosine kinase expressed on ECs and HSCs. 74 In normal conditions, Ang-1 consolidates ECs but Ang-2 has an opposite effect to Ang-1. It separates pericytes from EC, disintegrating EC, increasing EC exchanges and causing their loss. In leukemia, Ang-2 level is increased, which is associated with a poor prognosis. 75 Despite the fact that Ang-2 causes the loss of vessels, the presence of VEGF along with Ang-2 causes sprouting and increased angiogenesis. 76 (Figure 1) . VEGF-C is another growth factor of VEGF family produced by EC, which is involved in lymph angiogenesis by affecting VEGFR-3 on leukemia cells. VEGF-C is also involved in the proliferation and protection of leukemia cells against chemotherapy. 77 With regard to the fact that different cells are involved in synthesis and expression of VEGF-C, measuring VEGF-C/VEGFR-3 level is not a reliable prognostic factor in leukemia. 78 
The role of vessel in metastasis
Approximately 10% of tumor-associated deaths are related to damages to sites where the tumor first appeared and the remaining 90% is related to tumor metastasis. Despite the high mortality rate associated with metastasis, our knowledge on biology of metastasis and the events occurring in the process of metastasis is still negligible. 79 Metastasis is a process involving several steps as follows. First, the tumor cells grow and spread in their original site. Angiogenesis is simultaneously increased to provide for metabolite needs. Then, a tumor cell enters into bloodstream either directly through blood vessels or indirectly through lymphatic vessels and is thus detached from the original bulk (Figure 1 ). This cell should survive in bloodstream to reach another organ; therefore, it may leave the bloodstream, enter into a secondary organ, grow and proliferate and hence cause the spread of tumor. 80 Since ECs form a firm barrier against a variety of cells, including tumor cells, it is necessary to make changes in this barrier to enable the passage of tumor cells for their spread. Therefore, when the tumor cells lie near blood vessels, they produce a number of factors such as VEGF, Ang2, etc. These factors affect the epithelial monolayer, disintegrate the lining and can thus pass through EC barrier. 81, 82 The bulk of tumor cells cause hypoxic conditions by increasing the consumption of oxygen. 83 Hypoxia activates HIF-1 transcription factor, which increases the expression of angiogenesis-stimulating factors as well as growth factors, enhancing angiogenesis in tumor cell bulk. 84 HIF-1 also induces the process of epithelial-mesenchymal transition (EMT), which leads to changes in cell morphology, including loss of cell-cell and cell-matrix adhesion that are features of metastatic cells. 85 EMT is a process through which the epithelial cells gradually acquire the structure, function and markers of mesenchymal cells. These mesenchymal-like cells lose the capacity to bind and attach to extracellular matrix, which results in their mobilization and movement from their primary site to other places in the body. 86 This process is observed during embryonic development, wound healing and cancer metastasis. 87 upon vessels, increased angiogenesis in tumor results in augmentation of metastasis and spread of cancer cells. 88 It has been suggested that tumor endothelial cells (TECs) are involved in the survival, proliferation and metastasis of cancer cells. TECs are different from normal endothelial cells (NECs) and lack an appropriate shape and organization. 89 In addition, their basement membrane is thick in some parts and shows a higher level of VEGFR1,2 expression relative to NECs. Therefore, TECs become more sensitive to the presence of VEGF, which will result in their increased proliferation. Moreover, the expression of specific markers such as stem cell antigen (Sca-1), tumor endothelial marker-8 (TEM-8), and aminopeptidase N (APN) is increased in TECs. The VEGF secreted by tumor cells activates the PI3K-AKT pathway and increases MRD-1 expression induction, which is a drug-resistance mechanism in TECs. 90 TEC do not show a number of markers normally expressed by endothelial cells and secrete factors such as Biglycan. Biglycan serves as a chemoattractant causing tumor cell migration and movement through paracrine pathway. It is also produced by activated macrophages and is able to bind tumor growth factor β (TGF-β), TNF-α and bone morphogenetic protein-4. Whether or not Biglycan produced by TEC can bind these factors is unknown and could provide grounds for further investigation to elucidate this matter. 91, 92 Discussion and future perspective HSCs in BM are mainly located alongside the arterioles and sinusoids. 13 Sinusoids are destroyed following radiation therapy while the arterioles show resistance and HSCs are less vulnerable since they are located along arterioles and are in quiescence phase. Therefore, HSCs near arterioles begin to proliferate and differentiate following radiation to prevent pancytopenia and restore hematopoiesis. 93 When leukemia cells integrate in the blood vessel walls,they secrete a series of angiogenic factors like VEGF, which result in angiogenesis as well as proliferation of leukemia cells, so that MVD is higher in leukemia patients compared with healthy subjects. On the other hand, the expression of some adhesion molecules is increased on the surface of ECs, which is involved in leukemia cell binding to Ecs. 64, 94 The leukemia cells orientate towards the blood vessel walls, exit from the cell cycle and enter into a state of quiescence. Therefore, ECs are tightly juxtaposed and prevent the permeation of chemotherapeutic agents into the vessel, which causes the resistance of leukemia cells to chemotherapy drugs. 63 Finally, given that the angiogenic factors secreted by leukemia cells and blood vessels play an important role in angiogenesis and since the vessel walls are impervious to chemotherapy drugs, targeting factors such as VEGF and microtubules that are respectively involved in angiogenesis and integrity of vessel wall causes susceptibility of leukemia cells to chemotherapy drugs and prevents disease recurrence.
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